Introduction
Mixed oxides of bismuth have been widely studied as candidates for the visible-light-photocatalytic removal of contaminants [1] [2] [3] [4] [5] [6] [7] and as photoanodes in photoelectrochemical cells. [8] [9] [10] [11] To a large extent, this interest originates from their relatively narrow bandgaps owing to the mixing of Bi 6s and O 2p orbitals, which leads to a cathodic shift in the position of the valence band. 12 In the context of light utilization, the Aurivillius family of layered perovskites is among the most interesting groups. The members of this family of ceramics have been studied mainly because of their dielectric and ferroelectric properties, which facilitate their use as resonators and antennae. 13, 14 One specific sub-group of this family is characterized by Bi 2−x Ln x WO 6 stoichiometry, where Ln is a lanthanide-series element and x is usually between 0.3 and 1.3. 15 A decade ago, the originally reported structure of the Bi 2−x Ln x WO 6 system was re-established by means of modern powder X-ray and neutron diffraction, with Bi 0.7 Yb 1.3 WO 6 taken as a representative compound of the series. 16 The structure was shown to be monoclinic with an A2/m space group and to consist of both edge and corner-sharing WO 6 octahedra. 17 The finding that BiYWO 6 can serve as an active watersplitting photocatalyst under visible light, 18 making it possible to store solar energy as hydrogen fuel, sparked new interest in this material. Traditionally, this compound has been synthesized by high-temperature methods such as solid-state reaction 19 and microwave-assisted solid-state reaction. 20 These methods lead to low specific surface area, making the compound impractical for catalytic applications. BiYWO 6 was recently reported to be synthesized also by the sol-gel and hydrothermal methods, exhibiting photocatalytic activity under visible-light irradiation. 21 The facile sol-gel preparation pro- (Fig. 1 ) but differ with respect to the connectivity of the WO 6 octahedra: in the orthorhombic structure, all the basal corners are shared by the WO 6 octahedra, whereas in the monoclinic structure the octahedra tilt at 45°a nd share one edge and two corners forming chains of two corner-sharing octahedra parallel to the b-axis. This difference affects the Bi 2 O 2 layer. In the orthorhombic structure, all of the Bi cations have the same chemical environment so that the two Bi crystallographic sites differ only in their symmetry. In contrast, in the monoclinic structure, the two Bi crystallographic sites have different environments, as illustrated in Fig. 1 . From this figure, it is possible also to highlight that the monoclinic structure is more flexible in the Bi 2 O 2 layer; thus, it can more easily accommodate cations with different dimensions.
In this work, using the sol-gel method, we synthesized different Bi 2−x Y x WO 6 (BYW) compounds corresponding to x values of 0.3, 0.5, 0.7, 0.85 and 1 and report their optical, morphological and structural properties for the first time. 4 OH. The dispersions were heated to 80°C and stirred vigorously for 24 h to obtain transparent solutions. After heating in wide petri dishes at 100°C for 1 h to evaporate most of the water and ammonia, these BYWprecursor solutions formed sticky gels containing the DTPA and BYW precursors. The gels were collected and heated in air at high temperatures (800-1000°C) for 4 h to form yellow powders with different stoichiometric ratios of bismuth and yttrium.
Experimental

Characterization
The X-ray powder diffraction (XRPD) patterns of all BYW samples were collected by using a Rigaku SmartLab X-ray diffractometer in Bragg-Brentano geometry with Cu Kα radiation. The diffracted beam was monochromatized by silicon single crystals and collected by using a D/tex linear detector. The XRPD data were collected over a 2θ range of 10°to 120°w ith a step size of 0.02°. High-resolution electron microscopy images were obtained using a Zeiss Ultra Plus High Resolution Field Emission Gun Scanning Electron Microscope (FEGSEM). Energy-dispersive X-ray spectroscopy (EDS) spectra were acquired using an Oxford X-Max N Silicon drift detector (SDD). The diffuse reflectance spectra of the powders were recorded using a Shimadzu UV 2600 spectrophotometer equipped with an ISR-2600Plus
Integrating Sphere Attachment. The Raman spectra were collected using a micro-Raman spectrometer (iHR550, Horiba) with a green laser (λ = 514 nm). Diffuse reflectance measurements were performed by putting a small amount of sample (50 mg) on top of a BaSO 4 tablet and then pressing. Pure BaSO 4 was used as a baseline because its reflectance is close to 100% in the examined range (200 nm < λ < 700 nm).
Results
Fig . 2 shows the SEM images of the different compounds. All synthesized particles were submicron in size and exhibited uniform morphologies. Backscattered electron analysis revealed no evidence of inhomogeneity or the presence of additional phases in the samples.
Chemical compositions of the studied samples were determined by EDS microanalysis. Calculated compositions of the samples are presented in Table 1 . All compositions comply, within a small experimental error (indicated in the table), with the nominal stoichiometry. The systematic underestimation of the yttrium content can be explained by the relatively high errors arising from the necessity for deconvolution of the yttrium Lα-line and the tungsten Mα-line. samples, the wavelength-dependent absorption coefficient was calculated using the modified Kubelka-Munk transformation , where R is the measured fractional reflection. 22 Bandgap energies were calculated according to the method proposed by Tauc. 23 In the absence of data regarding the nature of the optical transition, the value of (F(R)) n was plotted against photon energy both under the assumption of a direct transition ( Fig. 3 (B), n = 2) and under the assumption of an indirect transition ( Fig. 3(C) , n = 0.5). The best fit was obtained for the indirect transition relationship, giving bandgap values consistent with the onset of absorption (2.4-2.5 eV). The calculated bandgap values are listed in Table 2 .
X-ray diffractograms (XRDs) of the various compounds are shown in Fig. 4 , together with the tick marks of the monoclinic cell as reported for BiNdWO 6 . 17 Neither superstructures nor impurity peaks can be seen in the XRDs. The shift to smaller angles (bigger d-spacing) observed with the increase in the bismuth content can be attributed to the insertion in the structure of the Bi 3+ (cation radius, 24 1.17 Å) cation, whose radius is larger than that of Y 3+ (cation radius, 24 1.02 Å).
To determine the effect of yttrium insertion on the bismuth tungstate structure, the diffractograms were refined by means of the Rietveld method. 25 The software we used was GSAS-II. 26 Since no structure has been reported for these compositions, we chose the structure of the BiNdWO 6 reported by Berdonosov et al. 17 as a model on which to base the refinements performed on our diffraction data, but substituted the Y cation for Nd. This structure is monoclinic (A2/m, s.g. 12) with the tungsten cation in single-octahedral coordination, and the Bi and the Nd/Y cations are split on two different crystallographic sites in pseudo-octahedral coordination.
The structure reported by Berdonosov et al. 16 was determined by neutron diffraction and was characterized by disordered oxygen atoms. As the neutron diffraction technique is more sensitive than XRD to small deviations in the position of the oxygen atoms, the structures refined by the latter technique are less affected by oxygen disorder. To confirm this statement, both the ordered and the disordered structures were refined using the collected diffractogram of BiYWO 6 . The results confirmed that the disordered structure does not improve the refinement results relative to the results View Article Online obtained with the ordered one. Therefore, to simplify the description of the structure, we chose the ordered structure for the refinement process in all diffractograms of the studied compositions. For Rietveld refinement, we refined the background by using 15-term Chebyshev polynomial functions and described the peak profile by refining the three Caglioti formula terms (U, V, W) and the microstrain parameter for the Gaussian and the Lorentzian contribution, respectively. To correct the small error in displacement of the sample in the diffractometer, we refined the sample displacement parameter. We also refined the cell edges, the isotropic thermal parameters and the positions of each atom. To determine the distribution of bismuth and yttrium cations in the two bismuth sites, we refined the fractions occupied by these atoms on the two crystallographic sites. The occupation parameters were constrained so as to obtain full occupancy over the two crystallographic sites, and the Bi/Y ratio was taken as constant according to the nominal ratio of each sample. The main characteristics of these structures are shown in Table 3 , and the plot of the refined diffraction pattern of the BiYWO 6 phase is described in Fig. 5 . As expected, the increasing quantity of bismuth in the structure caused the cell parameters to increase (Fig. 6) . The expansion of the cell edges as a function of the quantity of bismuth demonstrated linear behavior up to 1.5 bismuth atoms per unit formula (x = 0.5).
Above this value, the expansion of the cell edges was saturated, especially along the c-axis.
It is interesting to observe that below x = 0.5 the cell volume is larger than the volume of Bi 2 WO 6 (487.63 Å 3 ), 27 owing to the fact that the monoclinic structure of the mixed phase is less dense than the orthorhombic structure of the pure phase. From a structural point of view, the change in the Bi/Y ratio does not induce significant structure distortion. Nevertheless, we noticed small variations in the two Bi-O and W-O polyhedra. The average Bi-O and W-O distances are plotted in Fig. 7 together with those of the pure Bi 2 WO 6 phase reported by Knight. 27 Although XRDs are not highly sensitive to the position of the oxygen atoms, leading to some errors in calculation of the cation-oxygen distances, we can still discuss trends in the data shown in Fig. 7 . Despite the fact that the preferred site for bismuth cations in all samples is the Bi/Y1 crystallographic site, the Bi/Y1-O distance is relatively less affected by the bismuth-yttrium ratio, and the Bi/Y2-O distance increases as "x" changes from 1 to 0.5 and then decreases. In addition, the W-O distance in the same range of composition is not affected by the insertion of bismuth cations.
It can be also highlighted that there is a small, but not negligible, preference of the bismuth cation to occupy the Bi/ Y1 site with respect to the other site (Table 3) . A possible explanation can be that the Bi/Y1 and Bi/Y2 sites are different: the latter site is in the middle of the double octahedron chain of WO 6 , while the former site bonds two of these chains (see Fig. 1 ). Thus, the Bi/Y1 site can better arrange a bigger cation without changing the bond length than the Bi/ Y2 site because it is more flexible. Moreover, the presence of a cavity between the two polyhedron chains perpendicular to the a-axis can explain why this axis expands less (<0.2%) than the other two as the bismuth content increases: along the a-axis, the structure can better arrange a bigger cation around the cavity.
The collected Raman spectra are described in Fig. 8 , and the calculated peak positions are shown in Table 4 . The tend to shift in opposite directions as the yttrium content decreases, leading to partial overlap for x = 3. This trend towards overlapping is in line with the single peak observed when x = −0, i.e. with the higher symmetry of monoclinic Bi 2 WO 6 .
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Discussion and conclusion
We characterized the Bi 2−x Y x WO 6 solid solution, both structurally and spectroscopically, in the x range between 0.3 and 1. As in the case of other Bi 2−x Ln x WO 6 solid solutions, the structure was found to be monoclinic, unlike the orthorhombic phase found for Bi 2 WO 6 at room temperature. Using XRPD alone, it is not possible to determine local disorder in the Bi sites, but it could be claimed that there is some preference by Y to remain in the Bi2 site for x > 0.3. For x = 0.3, the composition of the two Bi crystallographic sites is the same (within the experimental error). The Raman spectra confirm the presence of this disorder: all Raman peaks resulting from vibration of the W-O bond are broad and asymmetric, except for the spectrum of Bi 1.7 Y 0.3 WO 6 . In this last case, the peaks are sharper and more symmetric, indicating that the compositional disorder in the bismuth layer as detected by structural analysis is very small but is still large enough to prevent the formation of an orthorhombic structure. Unfortunately, we were unable to synthesize a sample with x < 0.3, which would be required in order to define the transition composition between the orthorhombic phase and the monoclinic phase.
The diffuse reflectance spectra of the powder samples, converted to absorbance spectra by the Kubelka-Munk transformation, exhibited absorption in the visible part of the spectrum at wavelengths lower than 500 nm. Bandgap values were determined by extrapolation of the linear regions in Tauc plots assuming both direct and indirect optical transitions. We estimate that the error in determining the intercept value was roughly ±0.02 eV. The differences in bandgap (18) 131 (13) 122 (7) 125 (12) 126 (13) W 85 (12) 86 (14) 86 (20) 87 (16) 86 (17) Sh 78 (8) 77 (8) 77 (8) 78 (8) 77 (8) W values between the various samples were found to be relatively insignificant in terms of the overlap with the solar spectrum. It has already been reported that the valence band of bismuthcontaining oxides consists mostly of O 2p and Bi 6s orbitals, while the conduction band likely consists of Y 4d and W 5d orbitals. The presence of these orbitals in all members of the studied solid solutions may explain the relative insensitivity of the bandgap to the composition. More evidence for this phenomenon was reported for Bi 2−x Lu x WO 6 (0.4 < x < 1), where the visible-light photoluminescence properties of the solid solution did not change significantly with the composition. 30 The monoclinic russellite phase of Bi 2 WO 6 was reported to have an indirect bandgap that approaches 2.50 eV as the calcination temperature is increased. 31 The best fit for all of our samples was indeed obtained for the indirect transition, and we therefore speculate that the members of the Bi 2−x Y x WO 6 family are also indirect bandgap semiconductors.
